In vitro response to EPA, DPA and DHA: comparison of effects on ruminal fermentation and biohydrogenation of 18-carbon fatty acids in cows and ewes (by Toral et al.) Marine lipid supplements rich in n-3 PUFA can modulate ruminal biohydrogenation and, consequently, milk fatty acid profile. In this work, we compared in vitro ruminal responses to 20:5n-3 (EPA), 22:5n-3 (DPA), and 22:6n-3 (DHA) in cows and ewes and observed that EPA and DHA were equally effective to inhibit trans-11 18:1 saturation, but DHA further promoted alternative biohydrogenation pathways. The contribution of DPA to the effects of marine lipids was suggested to be minor. Although most changes seemed comparable in bovine and ovine, there were also certain responses inherent to each ruminant species. 
Interpretive summary
In vitro response to EPA, DPA and DHA: comparison of effects on ruminal fermentation and biohydrogenation of 18-carbon fatty acids in cows and ewes (by Toral et al.)
Marine lipid supplements rich in n-3 PUFA can modulate ruminal biohydrogenation and, consequently, milk fatty acid profile. In this work, we compared in vitro ruminal responses to 20:5n-3 (EPA), 22:5n-3 (DPA), and 22:6n-3 (DHA) in cows and ewes and observed that EPA and DHA were equally effective to inhibit trans-11 18:1 saturation, but DHA further promoted alternative biohydrogenation pathways. The contribution of DPA to the effects of marine lipids was suggested to be minor. Although most changes seemed comparable in bovine and ovine, there were also certain responses inherent to each ruminant species. On this basis, we conducted an in vitro experiment with the aims of investigating the effects of EPA, DPA and DHA on the BH of dietary 18-carbon FA and the ruminal fermentation, and comparing responses of cows and ewes.
MATERIALS AND METHODS
All experimental procedures were approved and completed in accordance with the Spanish Royal Decree 53/2013 for the protection of animals used for experimental purposes.
Batch cultures of rumen microorganisms
This trial was conducted in vitro following a 2 × 4 factorial arrangement: 2 species (ovine and bovine) and 4 treatments (EPA, DPA and DHA, and a control without FA).
Batch cultures of rumen microorganisms were conducted as outlined previously (Frutos et al., 2004) , with rumen fluid collected from 2 ewes (BW = 76 ± 8.4 kg) and 2 cows (BW = 727 ± 77.5 kg), each equipped with a ruminal cannula of 4 and 10 cm of internal diameter, respectively. Animals were individually penned and fed a TMR (see Table 1 for ingredients) in two daily meals (60% at 0900 h and 40% at 1700 h). The offer was fixed to their estimated maintenance energy requirements (INRA, 2007) to work under similar conditions in both species. Clean drinking water was always available.
After an adaptation period of 15 d, rumen inocula were obtained via the cannula before the morning feeding. The inocula were immediately taken in thermal flasks to the laboratory where they were strained through a nylon membrane (400 µm; Fisher Scientific S.L., Madrid, Spain) while bubbled with CO2. For each species, equal volumes of the 2 strained rumen fluids were combined and mixed (1:4) with phosphate-bicarbonate buffer (Goering and Van Soest, 1970). The incubation was repeated on 3 consecutive days (replicates), using 16 mL Hungate tubes for the BH study and 125 mL sealed serum flasks for the fermentation study, which contained 12 and 50 mL of buffered rumen fluid, respectively. The TMR fed to the animals was used as the substrate for incubation (10 mg/mL of buffered rumen fluid), ground in a hammermill fitted with a 0.5 or 1 mm screen for the Hungate tubes or serum flasks, respectively. Both vials were incubated under anaerobic conditions for 24 h in an incubator set at 39.5ºC. Blanks containing buffered rumen fluid without substrate were incubated under the same conditions. chromatography as explained below for ruminal digesta samples. Peak identification was based on retention time comparisons with commercially available standard FAME mixtures (Nu-Chek Prep., Elysian, MN; and Sigma-Aldrich, Madrid, Spain).
Samples for ruminal FA composition were freeze-dried directly in the Hungate tubes.
Immediately before extraction, 1 mg of internal standard (cis-12 13:1, Larodan) was added to each tube, which contained approx. 200 mg of freeze-dried digesta. The lipids were then extracted twice and the organic extracts were combined and converted to FAME by sequential base-acid catalyzed transesterification (Toral et al., 2010b). Methyl esters were separated and quantified with a gas chromatograph (Agilent 7890A GC System, Santa Clara, CA) equipped with a flame-ionization detector and a 100-m fused silica capillary column (CP-SIL 88, CP7489, Varian Ibérica S.A., Madrid, Spain), and hydrogen as the carrier gas. Total FAME profile was determined using a temperature gradient program and then isothermal conditions at For details, please refer to Toral et al. (2010b Toral et al. ( , 2016b . The FAME were converted to fatty acids using theoretical relative response factors for GC analysis (Wolff et al., 1995) . The C18 FA in the ruminal digesta were then expressed as a percentage of total FA, whereas those in TMR samples and EPA, DPA and DHA in ruminal digesta were quantified using the cis-12 13:1 internal standard, which has been shown to improve the accuracy of this type of analysis (Jenkins, 2010) . Disappearance of the three incubated n-3 PUFA was calculated considering the amount initially added to the Hungate tubes; control samples were devoid of EPA, DPA and DHA in both ruminant species.
The ammonia concentration was determined by colorimetry, and VFA by gas chromatography, using crotonic acid as the internal standard, both in centrifuged samples (Frutos et al., 2004) .
Statistical analysis
The relationship between in vitro ruminal C18 FA concentrations, disappearances of the incubated PUFA and fermentation parameters was assessed through a principal component analysis (PCA) using the 'R-project' software (http://www.r-project.org, version 3.2.3).
Statistical analyses were also performed using the SAS software package (version 9.4; SAS Institute Inc., Cary, NC). Ruminal C18 fatty acid concentrations and fermentation parameters were analyzed by ANOVA to test the fixed effects of PUFA treatments (control, EPA, DPA and DHA), species (bovine and ovine), and their interaction. Disappearances of incubated PUFA in the rumen were also analyzed by ANOVA to test the fixed effect of PUFA type (EPA, DPA and DHA), species, and their interaction. In both cases, the incubation run and the inoculum nested within the species were designated as random effects. Means were separated through the pairwise differences ("pdiff") option of the least squares means ("lsmeans") statement of the MIXED procedure, and adjusted for multiple comparisons using Bonferroni's method. Differences were declared significant at P < 0.05 and considered a trend towards significance at 0.05 ≤ P < 0.10. Least squares means are reported.
RESULTS

Principal Component Analysis
The PCA discriminated two principal components (PC) that described 35.0 (PC1) and 18.6% (PC2) of the variation in ruminal BH and fermentation, and a PC3 that accounted for 9.1% of total variability. The score plot (Figure 1a) showed that PC1 separated two major groups based on PUFA treatment; samples from EPA and DHA incubations were mostly in the positive range, whereas those from control and DPA were largely in the negative range.
Additionally, PC2 clearly discriminated based on ruminant species, with ewes being positioned in the positive and cows in the negative ranges. Within each species, EPA and DHA samples clustered together and distant from their controls, and those from DPA treatment were mostly found in intermediate positions, closer to the control in sheep.
The loading plot (Figure 1b) showed that the concentration of 18:0 was negatively correlated with PC1 and loaded near 18:3n-3 and the molar proportion of acetate, and opposite to the major cluster including propionate and some 18:1 and 18:2 isomers, such as cis-9, cis-11, trans-9 and trans-10 18:1 and trans-9 trans-12, cis-9 trans-12 and trans-11 cis-15 18:2. On the other hand, the concentrations of trans-16 and cis-16 18:1, trans-12 cis-15 18:2, trans 18:3 and ammonia were positively correlated with PC2, whereas 13-and 16-oxo-18:0 were negatively correlated with this PC. The in vitro disappearance of the three incubated PUFA and the concentrations of 9-and 15-oxo-18:0 or cis-9 trans-11 CLA and NDF and DM disappearances positioned close to the origin of the plot, with no apparent relationship with any of the main PC.
Ruminal biohydrogenation
Concentrations of identified 18-carbon FA in the in vitro ruminal digesta of cows and ewes are shown in Table 2 . For reasons of clarity, Supplementary Table S1 reports the main effects for species and PUFA treatments in those parameters for which the level of significance of the interaction was P > 0.05.
Both species showed a similar amount of 18:0 in the control (on average, 55% of total FA). This FA was negatively affected by the three PUFA treatments (P < 0.05; Supplementary Table S1 ) and effects tended to be different in bovine and ovine (interaction Sp × PUFA; P < 0.10; Table 2 ). Thus, the extent of the decrease in 18:0 was comparable with the three PUFA in cattle (a mean of -37% compared with the control) but not in sheep, where decreases were slightly less pronounced (on average, -27% relative to the control) and there were differences between DHA and DPA.
Five other saturated C18 FA were also detected in the digesta samples. In general, the concentrations of 10-, 13-and 16-oxo-18:0 were greater in cattle (P < 0.05) and affected by treatments only in this species: the three PUFA reduced the accumulation of 13-and 16-oxo-18:0 (P < 0.05) and EPA increased 10-oxo-18:0 (P < 0.05; Table 2 ). On the other hand, the low concentrations of 15-oxo-18:0 (coeluting with an unidentified FA) in cows and ewes were only modified by DPA (P < 0.05; see Supplementary Table S1 for details), which constitutes an exception to the overall effects of this PUFA on ruminal metabolites (i.e., the effects are generally similar or less pronounced than respective changes with EPA or DHA).
Incubations with DHA favored the accumulation of cis-9 18:1 and trans-5 18:1 in bovine and ovine (P < 0.05; Table 2 and Supplementary Table S1 ). On the contrary, PUFA-induced changes in other cis-and trans-18:1 isomers usually interacted with the species (P < 0.05). For example, increments in the concentration of trans-11 18:1 in cows were greater in EPA and DHA (a mean of 79% compared with the control) than in DPA treatments (35%), whereas DHA was the only PUFA improving the accumulation of this FA in ewes (64%; P < 0.05). Other increments in minor 18:1 isomers, such as those induced by EPA and DHA on cis-16 and trans-15 and -16 18:1 were only significant or more pronounced in sheep (P < 0.05). Regarding trans-10 18:1, DHA led to the greatest increase in both species (262% compared with controls; P < 0.05), but DPA only affected it in bovine (to a similar extent than DHA) and EPA in ovine cultures (150%; P < 0.05). Furthermore, EPA and DHA, but not DPA, increased the proportion of cis-11 18:1 (P < 0.05; Supplementary Table S1).
As mentioned above, the effects of DPA on C18 FA concentrations were generally less marked than those of EPA or DHA. This observation was particularly evident for 18:2 isomers, as DPA only modified 18:2n-6 and trans-12 cis-15 18:2 (P < 0.05; Supplementary Table S1 ).
Reductions in 18:2n-6 were also significant in cows on EPA and DHA (P < 0.05), as well as accumulation of some 18:2 metabolites in both species (e.g., cis-9 trans-12, trans-10 trans-14 and trans-9 trans-12 18:2; P < 0.05). Incubations with EPA showed the greatest concentrations of trans-11 cis-15 18:2 and trans-9 trans-14 18:2 (P < 0.05; Table 2 and Supplementary Table   S1 ), but no significant response to PUFA was detected in the accumulation of the major CLA isomer (i.e., cis-9 trans-11 18:2; P > 0.10), and the tendency in the antilipogenic trans-10 cis-12 CLA disappeared after Bonferroni's adjustment.
Few 18:3 isomers were detected in the ruminal digesta, and their concentrations were low ( Table 2 ). The 18:3n-3 was affected by PUFA only in cows (on average, -69% compared with the control; P < 0.05), and the unresolved peak including two minor 18:3 intermediates (i.e., trans-9 trans-12 cis-15 and cis-9 cis-12 trans-15 18:3) by EPA only in sheep (P < 0.05).
Finally, in vitro ruminal disappearances of the three very long-chain PUFA were very high after 24 h of incubation, both in cows (first value of the following pairs) and ewes (last value), with mean data of 96 ± 1.0 and 97 ± 0.6 % for EPA, 92 ± 0.6 and 94 ± 0.3 for DPA and 75 ± 13.8 and 83% ± 8.1 for DHA. Values were significantly lower for DHA (P < 0.05) but no differences due to the ruminant species were detected (P > 0.10).
Ruminal fermentation
Reductions in gas production and total VFA concentration (on average, -7 and -9%, respectively) were observed in EPA and DHA incubations (P < 0.05; Table 3 and   Supplementary Table S1 ). On the contrary, neither DM nor NDF disappearances varied significantly due to PUFA treatments or species (P > 0.10 for all pairwise comparisons after Bonferroni's adjustment). Ammonia concentrations and pH were not affected by PUFA either (P > 0.10), but ammonia tended to be higher (on average 19%) in ewes (P < 0.10).
Total VFA were higher (P < 0.05) in ewes. Regarding VFA molar proportions, DPA only had discernible effects on propionate, whereas EPA and DHA decreased acetate and increased propionate and butyrate (P < 0.05). The PUFA-induced reductions in acetate tended to be slightly greater in cows (P < 0.10) but effects on the acetate:propionate ratio were similar in both species.
DISCUSSION
The interest in modulating the nutritional quality of milk fat has encouraged research on the mechanisms mediating the effects of supplementation with marine lipids rich in very long chain n-3 PUFA, which seem to be largely explained by changes in the ruminal environment The PCA was very helpful to describe the main trends in results. The response to PUFA treatment (related to PC1) explained the major part of the variability, with that of ruminant species (associated with PC2) being of lower relevance (Fig. 1a) . In the loading plot (Fig. 1b) , some of the most important BH and fermentation parameters were aligned with PC1 (e.g., 18:0 and acetate in the negative range, and major 18:1 and 18:2 intermediates and propionate in the positive range), whereas those found in greater concentrations in ovine digesta were positively correlated with PC2 (e.g., minor metabolites of 18:3n-3 and ammonia) and placed in the opposite area to some FA that were more abundant in bovine (e.g. Turning to the PCA results, it may be tempting to speculate about certain association between microorganisms that produce acetate and 18:0, as both acetate and 18:0 seem sensitive to the effects of C20 and C22 PUFA, in contrast with those involved in alternative BH pathways and propionate production, which appear to be favored and interrelated.
The trend towards lower gas production and total VFA concentration with EPA and No direct relationship between in vitro disappearance of the incubated PUFA and effects on BH (in particular, inhibition of the last step) was found either in cows or ewes, calling into question a putative link between extent of disappearance and toxicity of these PUFA for microbiota.
Conversely, an association between the influence of very long chain n-3 PUFA on ruminal lipid metabolism and fermentation may exist in both species. Given the limitations of the in vitro batch cultures of rumen microorganisms, in vivo verification of these findings would be advisable.
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